The inflammatory response has been characterized in the lumbosacral segments (L4YS1) of rats after spinal transection at T8. Immune cells were identified immunohistochemically using antibodies to complement type 3 receptor, CD11b (OX-42), the macrophage lysosomal antigen, CD68 (ED1), major histocompatibility complex class II (MHC II), and CD163 (ED2), a marker of perivascular cells. One week after cord transection, OX-42+ microglial density had nearly doubled. In the white matter, microglia became enlarged, often with retracted processes. In contrast, microglia in the grey matter remained ramified although nearly half of those lying medially contained clusters of ED1+ granules. After 8 weeks, ED1+ (+/jMHC II) macrophages were prominent in regions of Wallerian degeneration extending from dorsolateral to ventral funiculi. Microglial density remained raised in grey matter, particularly in the ventral horns of L4/5. Ramified microglia expressing MHC II+ (+/jED1) extended from deep in the dorsal columns and around the central canal to the ventral columns. More ED2+ (+/jMHC II) perivascular and meningeal cells were recruited and expressed ED1. Thus, distinct from their conversion into macrophages in the white matter, the activation of ramified microglia after degeneration in the grey matter involves expression of ED1 without morphologic transformation.
INTRODUCTION
Both detrimental and benef icial effects have been ascribed to inf lammatory cells around the lesion site after spinal cord injury (1, 2) . Monocytes infiltrate the lesion from the blood, whereas in nearby segments, resident microglia and perivascular cells (PVCs) become activated and proliferate (3) . Suppression of local inflammation reduces secondary damage around the lesion epicenter and improves functional outcomes (4), whereas growth factor and cytokine release by activated microglia and macrophages may assist in regeneration (5, 6) .
In the white matter tracts extending from the lesion, macrophages derived from transformed microglia phagocytose degenerating myelin (7) . Whereas transacted ascending dorsal column axons degenerate completely within a few days, macrophages are rare before 2 to 3 weeks, and myelin debris can persist for 90 days (8, 9) . In people with high spinal injuries, the corticospinal tracts (CSTs) in the lumbar cord still contain major histocompatability complex (MHC) II + and CD68 + macrophages after a year (10) . However, little is known about the time course of degeneration of axons in the descending tracts in the rat, the experimental animal most often used for spinal cord injury research.
The lumbosacral cord contains the circuits involved in sensation and movement of the lower limbs and control of the pelvic organs. The loss of descending pathways is not the only effect of a more rostral lesion on these circuits. In L6/S1, altered expression and distribution of peptidergic axon terminals have been linked to modified urinary bladder function after a rostral injury (11) . Unlike axotomized supraspinal neurons, which atrophy but rarely die unless they lack additional supraspinal collaterals (12, 13) , some ascending projection neurons disappear from the lumbar enlargement (14) . Death of axotomized projection neurons is likely to be associated with activation of microglia (15) . Consistent with this finding, microglial activation in L4 after T9 contusion injury has been associated with neuropathic pain (16) .
We have assessed the inflammatory responses in both white and grey matter of L4/5 and L6/S1 segments in rats after complete transection of the spinal cord at T8YT9. The populations and distribution of inflammatory cells were examined 1 week after transection, when terminals in the grey matter should have largely degenerated (17, 18) but myelin degradation barely commenced, and 8 weeks after transection, when Wallerian degeneration should have been near completion (19) and some axotomized projection neurons have disappeared (14) . Inflammatory cells were characterized by their morphology and expression of immune cell markers determined immunohistochemically as detailed in the Table. The complement type 3 receptor CD11b is expressed by all microglia and CNS macrophages (20) . CD68 is an intracellular glycoprotein expressed in lysosomes (21) . Some activated microglia express MHC II after neuronal damage, disease, or inactivity permitting them to present antigen as part of an adaptive immune response (22) . CD163 is a cell surface glycoprotein expressed by perivascular cells in the brain (23) . Subtypes of activated microglia were identified at sites in the white and grey matter over time courses consistent with their association with degenerating descending myelinated axons and ascending projection neurons, respectively. Despite marked differences in morphology, both phenotypes express CD68 and appear to be phagocytic.
MATERIALS AND METHODS

Animals and Surgery
Female inbred Wistar rats (130Y255 g, 6Y8 weeks of age at the time of surgery; Biological Resources Centre, University of New South Wales, Sydney, Australia) were anesthetized with a mixture of ketamine (60 mg/kg; Parnell Laboratories, Alexandria, NSW, Australia) and xylazine (10 mg/kg; Troy Laboratories, Smithf ield, NSW, Australia) by intraperitoneal (i.p.) injection. The wound and back muscles were infiltrated with bupivacaine (5 mg/mL; AstraZeneca, North Ryde, NSW, Australia) before transecting the cord with fine scissors at T8. A pad of gelatin foam (Upjohn, Rydalmere, NSW, Australia) was inserted between the cut ends of the spinal cord, and another was used to cover the laminectomy. After application of tetracycline powder (Pfizer Animal Health, Sydney, Australia) to the wound and subcutaneous injection of benzylpenicillin (90 mg/kg; CSL Ltd., Melbourne, Australia) and oxytetracycline (100 mg/kg; Pfizer Animal Health), Q2 mL of warm saline was injected i.p. The animals were maintained on a heating blanket during and after surgery, and rectal temperature was monitored until the animals regained consciousness. All animals ate and drank within a few hours, recovered their body weight within 1 week, and gained weight thereafter. Their bladders were emptied manually several times during the surgery, and then at least 4 times a day for the first 10 days and at least twice a day until the end of the experiment.
Sham operations consisted of a laminectomy with the dura being opened to expose the spinal cord, which was then covered with gelatin foam before the wound was closed. As no differences in the appearance of immune cells could be detected between sham-operated and unoperated spinal cords, data from both groups were used as controls. Tissues were examined from 7 control animals, 12 animals at 1 week, and 13 animals at 8 weeks after cord transection. All efforts were made to minimize suffering and the number of animals used, and all animal procedures were approved by the University of New South Wales Animal Care and Ethics Committee.
Tissue Preparation and Immunohistochemistry
One week and 8 weeks after cord transection, animals were deeply anesthetized with pentobarbitone (80 mg/kg i.p.), and perfused through the descending thoracic aorta with heparinized saline containing 0.1% NaNO 2 , followed by Zamboni fixative. Spinal cord segments (L4YS1) were removed, postfixed overnight, and cryoprotected in 30% sucrose. Serial transverse and some longitudinal sections were cut (usually at 25 Km) on a cryostat and mounted in sets of 4 across 4 gelatinized slides so that the sections on a slide were 100 Km apart. Primary antibodies (see Table for details, including supplier and specificity) were applied overnight in a humid chamber at room temperature. All antibodies have been thoroughly characterized in intact and damaged rat nervous tissue. OX-42 is an antibody to CD11b and binds only to cells in the CNS with morphology identical to that of microglia stained with isolectin B4 (20, 30) . OX-6 is an antibody to MHC II and labels subpopulations of perivascular cells, microglia, and macrophages in the intact and damaged rat CNS (31Y33). ED1 is an antibody to CD68, and ED2 is an antibody to CD163; these label subpopulations of macrophages in the periphery (34) . ED1 selectively binds to activated microglia and phagocytic macrophages in inf lamed CNS (30, 35) . In brain and spinal cord, ED2 binds only to Colocalization of two macrophage/microglial markers was examined using a combination of biotinylated (Serotec, Oxford, UK) and nonbiotinylated antibodies (39) . Biotinylated ED1 or MHC II antibodies were applied to the same sections as another marker. The resultant double staining was not optimal in that fewer cells were stained with biotinylated antibodies than when nonbiotinylated antibodies were used; thus, the results presented here using biotinylated antibodies are only the unambiguously positive observations. Sections were visualized by epifluorescence using Leitz Ploempak filters L4 (for fluorescein isothiocyanate and CY2) and N2 (for CY3) or Olympus Chroma filters 31001-801 (for CY2 and fluorescein isothiocyanate) and 31002-801 (for CY3) and photographed using a Spot RT slider digital camera (Diagnostic Instruments Inc., Sterling Heights, MI). Images were adjusted in brightness and contrast and occasionally for sharpness and evenness of illumination.
Data Analysis
The density of OX-42-immunoreactive (indicated by +) cell bodies identified in the microscope at 500Â was determined in 6 fields within the dorsal horns and 6 within the ventral horns from each of at least 3 sections 100 Km apart from 3 animals in each group. The fields analyzed were in the medial third of each hemicord, mainly covering laminae IV to VI of the dorsal horn and laminae VII to VIII of the ventral horn. Counts of OX-42+ cells were converted to density per mm 3 of spinal parenchyma at each of the two segmental levels (L4/5 and L6/S1). The location of OX-42+ cell bodies in each field was mapped and compared with the distribution of clusters of ED1+ granules in the same regions in adjacent sections of the transected cord. The shortest distances between OX-42+ cell bodies and between ED1+ clusters were determined from the maps using a nearest neighbor analysis. A possible source of error in our estimates of microglial density arises from off-cuts split between adjacent sections. However, as counts were made of microglial cell bodies, most of which were small (G5 Km, up to 10 Km after the lesion) relative to section thickness (25 Km), such errors are unlikely to affect the overall conclusions.
The dimensions of OX-42+ microglia were determined at 500Â as the average of the long and short diameters of the soma and the distance between the tips of the 2 longest processes through the cell body (microglial size). Microglial sizes measured from images of two regions in the dorsal horn and in the ventral horn of L4/5 in 3 animals of each group were compared with the areas of profiles of neuronal somata containing nuclei measured from equivalent regions in adjacent Nissl-stained sections.
The overall numbers of cells immunoreactive for MHC II, ED1, and ED2 were counted in subregions of L4/5 and L6/S1 defined by dividing each hemisection of cord into 6 parts. The white matter was subdivided into dorsal, dorsolateral, ventrolateral, and ventral regions, whereas the grey matter was divided into dorsal and ventral regions. All immunoreactive cells within the spinal cord (including PVCs) were counted down the microscope at 250Â in 4 to 24 sections (median 8 for unoperated controls and 16 for lesioned cords). These counts did not include the clusters of fine ED1+ granules in the grey matter (see above). The counts were averaged at each segmental level and divided by the areas sampled to derive density per mm 3 of spinal parenchyma. Immunoreactive cells lying within the meninges of each subregion were independently counted per mm of meninges, and their density was expressed as cells per mm. MBP staining was quantified by determining average grey level in the ventral columns on both sides relative to that in the ventral horn in 3 to 5 sections from 3 naBve control animals and 3 each at 1 and 8 weeks after spinal transection.
Results are presented as means T SEM, including in the figures. Data were tested for differences between control animals and those with transected cords using the appropriate analysis of variance with Fisher post hoc tests and for differences between segmental levels using unpaired t-tests or a nonparametric Mann-Whitney test. p values G 0.05 were taken to indicate significant differences.
RESULTS
Microglial Subtypes
Three morphologic subtypes of OX-42+ microglia were identified (3, 40) as follows: 1) ramified microglia with small cell bodies (G3 Km diameter in the resting state) and long (920 Km) processes; 2) activated microglia with enlarged cell bodies (5-to 10-Km diameter) and short, sometimes thickened, processes; and 3) macrophages (10-to 30-Km diameter) lacking processes. Within regions of CNS not directly lesioned, macrophages are of microglial rather than hematogenous origin (15) .
Density and Morphology of OX-42+ Cells Control Lumbosacral Cord
In the white matter, OX-42+ ramified microglia were often aligned parallel to the fiber tracts with elongated somata and microglial size up to 150 Km. Their cell bodies were generally less dense (3Y4 Â 10 3 /mm 3 ) than in the grey matter and least dense in the lateral spinal nucleus (Fig. 1) .
In the grey matter, ramified microglia were denser in the dorsal horns (~13 Â 10 3 /mm 3 in the deep laminae and up to~20 Â 10 3 /mm 3 in the superficial laminae) than in the ventral horns (~8 Â 10 3 /mm 3 ). They were also significantly smaller (soma diameter 2.45 T 0.21 Km, n = 75 cells, 2Y3 primary processes, n = 58) in the dorsal than the ventral horns (soma diameter 3.32 T 0.21 Km, n = 73; 3Y6 processes, n = 50, p G 0.001). These differences in microglial size ( p G 0.001) paralleled the differences in neuronal dimensions between dorsal and ventral horn (Fig. 2) . The correlation may reflect the role of microglia in immune surveillance, whereby each samples the surrounding interneuronal environment (40) .
Neither dimensions nor density of OX-42+ microglia differed between L4/5 and L6/S1, except that those in the dorsal commissural nucleus (41) and the CST were notably smaller in L6/S1 than in medial regions dorsal to the central canal in L4/5. Activated microglia were extremely rare, and no macrophages were detected.
One Week After Cord Transection
The density of OX-42+ cells had increased in most regions of the lumbosacral cord (Fig. 1DYF) , with greater OX-42 expression on the membranes of individual cells. The largest increases in density (~3-fold) occurred in the outer parts of the white matter at sites of lesioned descending pathways. In the inner white matter the density of microglia increased by~75%, but they remained ramified. In the CST, small, activated microglia and rare macrophages were present (Fig. 1D) , whereas in the ascending tracts of the dorsal columns, microglia remained ramified and of normal size despite some increase in density (Fig. 1A, D) .
In the grey matter, microglial density increased more markedly in L4/5 than in L6/S1 and to a greater extent in the ventral than in the dorsal horn. Thus, the difference in density between the dorsal and ventral horns in control cord disappeared and less than 1% of microglia assumed the classic activated form. Instead, the cell bodies of ramified microglia were enlarged (diameter 5.24 T 0.22 Km, n = 152, p G 0.0001, control) without retraction of processes (microglial size 40.4 T 0.8 Km, p 9 0.1). Nearly 70% of microglia had cell bodies 93 Km diameter (35% in control). The increase in soma size was significantly greater in the ventral horn than in the dorsal horn. A few microglia became hyperramified (15) with longer and more complex processes bearing Bspines,[ particularly around the central canal and in the medial ventral horn in L4/5. No macrophages were detected in the grey matter.
Eight Weeks After Cord Transection
The density of OX-42+ cells remained raised above control in some regions or even increased above that at 1 week in others, whereas in other parts of the cord it fell toward control (Fig. 1GYI) . In the outer white matter of L4/5,~40% of OX-42 + cells were activated microglia, and the rest were mostly macrophages; they formed a band around the ventral edge of the cord between the dorsolateral funiculi (DLFs). Ramified microglia in the inner white matter had significantly larger cell bodies than control microglia (~5Y12 Km, p G 0.05), particularly in L6/S1. In the CST,~15% of OX-42+ cells were macrophages, whereas in the rest of the dorsal columns, microglia remained ramified (Fig. 1G) . In L6/S1, activated microglia and macrophages were similarly distributed to those in L4/5, but they were more prominent medially than laterally.
In the dorsal horns of the grey matter, microglial density had largely recovered to control levels at both segmental levels although it remained raised (~65% above control) in the ventral horns. Microglial soma diameter in L4/5 (3.98 T 0.24 Km, n = 64) remained larger than that in the control (p G 0.001), but recovered toward control values in L6/S1 (2.87 T 0.24 Km, n = 71). Overall, microglial size remained significantly larger than control ( p G 0.05), mainly because microglia in the medial ventral horns of L4/5 remained hyper-ramified (Fig. 1) . Again, no macrophages were detected in the grey matter at either segmental level. The relation between microglial size and that of neighboring neuron somata was maintained after transection, despite atrophy of some neurons (Fig. 2) . Thus, in the grey matter, extension and branching of microglial processes was more common than retraction.
Different Microglial Phenotypes Express ED1 in White and Grey Matter After Cord Transection
No ED1+ cells were detected within the spinal parenchyma in control spinal cords (Figs. 3A, 4A ), but 1 week after cord transection, 10% of activated microglia and 30% of macrophages in the white matter showed ED1 immunoreactivity (Fig. 4A) . Changes in ED1 in the grey matter were much less obvious and are discussed below. After 8 weeks, ED1 expression had increased markedly in the outer band of white matter in L4/5, whereas in L6/S1, ED1+ cells were spread through most of the depth of the lateral and ventral columns (Figs. 3B, 4A ). These distributions were similar to those of OX-42+ macrophages. The density of ED1+ cells rose to~10 Â 10 3 /mm 3 in all regions of the white matter except the dorsal columns, but only 5 Â 10 2 /mm 3 in the grey matter (Fig. 3C) . Notably the lateral spinal nucleus contained no ED1+ cells.
ED1+ macrophages were larger in the ventral columns (10-to 30-Km diameter) than in the DLF (~5-to 10-Km diameter), whereas the CST contained small ED1+ activated microglia. In activated microglia, ED1 was expressed largely intracellularly in punctate accumulations, whereas strong ED1 expression was present on the surface membrane of macrophages with lighter intracellular staining.
The distribution of MBP confirmed the role of ED1+ macrophages in Wallerian degeneration. In control white matter, MBP appeared as lightly stained compact sheaths around myelinated axons (Fig. 4B) . One week after cord transection, irregular bright swollen clumps of MBP were present in the outer white matter. After 8 weeks, these clumps were reduced in number and brightness at sites where the numbers of ED1+ macrophages had greatly increased (Fig. 4B) . More than 60% of the MBP present at 1 week (average grey level 27.2 T 2.9, n = 3) had disappeared by 8 weeks (average grey level 10.3 T 4.4, n = 3, p = 0.005). A few small clumps of MBP in the CST were detected only at 1 week after transection, whereas MBP persisted longest in the DLF. One week after cord transection, although there were no macrophages, rare activated microglia, and no MBP, small clusters of fine ED1+ granules appeared scattered across the grey matter (Fig. 5) . These clusters were composed of one to 5 fine granules lying within 10 Km of each other. They were most obvious around the central canal and in the medial ventral horns and least prevalent in the superficial dorsal horns. Unfortunately, it was difficult to demonstrate directly that these fine granules lay within OX-42+ microglia using a biotinylated antibody to ED1. However, the shortest distance between ED1+ clusters (15Y20 Km) (determined with a nearest neighbor analysis) was similar to that between OX-42+ cell bodies in both dorsal and ventral horns, and the first modes of the histograms of distances between ED1+ clusters and between OX-42+ cells were both~40 Km. The average distance between ED1+ clusters (1 week: 59.2 T 2.6 Km, n = 72; 8 weeks: 64.1 T 2.5 Km, n = 67) was more than the distance between OX-42+ cell bodies (1 week: 33.7 T 0.6 Km, n = 232; 8 weeks: 42.7 T 0.9 Km, n = 189), consistent with the density of ED1+ clusters being~40% of that of OX-42+ ramified microglia at both segmental levels (Fig. 5B) . This density was 1 order of magnitude higher than the density of ED1+ cells in the grey matter (mainly PVCs) that were counted down the microscope at lower power (Fig. 3C) . A few single ED1+ spots were also detected in the inner white matter where OX-42+ microglia remained ramified (see above). After 8 weeks, when the ED1+ immunoreactivity was more compact but often brighter (Fig. 5) , presumably due to fusion or swelling of the ED1+ organelles, ED1+ granules could sometimes be demonstrated directly within the cell body and processes of ramified microglia (Fig. 6B ) using the less sensitive biotinylated antibodies.
Expression of MHC II in Different Microglial Phenotypes Changes With Time After Cord Transection
Most MHC II+ cells in control lumbosacral cords were PVCs (see below). A few isolated and faintly stained ramified microglia lay in the white matter of L4/5 in 1 of 7 animals (32). One week after cord transection, MHC II was expressed by G5% of activated microglia and~15% of macrophages in the white matter. MHC II also appeared in a few ramified microglia with enlarged cell bodies (G5 per section), usually in the medial ventral horn but occasionally in the dorsal or ventral columns near the border of the grey matter in L4/5 (2 of 6 animals). These cells were even rarer in L6/S1, although they were detected in 3 of 6 animals.
After 8 weeks, MHC II immunoreactivity had increased in all animals although with a restricted distribution and considerable variability in the number of MHC II+ cells. In the white matter, MHC II+ activated microglia and macrophages formed a band around the outer cord that was less extensive than that for ED1 (Figs. 3B, 7B ). MHC II expression by macrophages tended to decrease as the brightness of ED1 immunoreactivity increased. In the CST and deep in the ventral columns, some ramified as well as activated microglia were brightly MHC II+, particularly in Copyright @ 200 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. Fig. 7B) . Occasional MHC II+ ramified microglia were present in the DLF or outer dorsal columns, but they were extremely rare in other regions of the white matter and in all of L6/S1. The lateral spinal nucleus was notably free of MHC II+ cells.
L4/5 (
In the grey matter of 5 of 6 animals at this later stage, MHC II+ ramified microglia were scattered through the ventral horns of L4/5, mostly medially (Fig. 7B ). They were rarely present in the superficial or deep dorsal horns, across the intermediate zone, or at the origin of the ventral root. Densities of MHC II+ cells varied from G5 to~150/section (Fig. 6D ) when they constituted up to 50% of ramified microglia in the medial grey matter. Mean density was 2 to 3 Â 10 2 /mm 3 ( Fig. 6C) , so that G5% of all microglia expressed MHC II. Some MHC II+ microglia were hyper-ramified (Fig. 7D, inset) and some abutted blood vessels (Fig. 7D, arrows) . A few (G5%) contained ED1+ granules (Fig. 6D) . The number of MHC II+ cells was lower in L5 than in L4 and very much lower in L6/S1 where most were PVCs (Fig. 6B, C) .
Perivascular and Meningeal Cells
PVCs, identified by their immunoreactivity for ED2 but not OX-42, lay with their long processes extending along blood vessels (Fig. 8) . Thus, in the white matter, they were mostly elongated (Fig. 8B, D) , consistent with the radial orientation of the vasculature, whereas in the grey matter, where the vessels often ran rostrocaudally, ED2+ PVCs had small round profiles in transverse sections (Fig. 8C) .
ED2+ PVCs were evenly distributed through control spinal cords (Fig. 8A) at similar densities in L4/5 and L6/S1 (Fig. 8E) . Occasionally PVCs were also positive for ED1 (Fig. 4A) . One week after cord transection, the number of ED2+ PVCs had doubled, and after 8 weeks the number was~5-fold higher than control. Rare PVCs in the grey matter appeared to extend a process into the parenchyma, but no ED2+ cell bodies were detected in the grey matter away from the vessels (42) . More PVCs (~20%) expressed ED1 than in control cords (Fig. 8D ), reaching~50% after 8 weeks.
Some macrophages in the DLF and ventral columns were ED2+ so that the increase in ED2+ cell density was greater in L4/5 than in L6/S1 (p G 0.01, Fig. 8E ). All brightly stained MHC II+ cells in control cords were PVCs, present at low densities of 49 T 8 cells/mm 3 in L4/5 (n = 5) and 44 T 10 cells/mm 3 in L6/S1 (n = 5). MHC II was expressed bỹ 50% of ED2+ PVCs in both control and lesioned cords. Cells in the meninges around control cords expressed MHC II +/-ED2 and, in~20% of cases, ED1 (33) but not OX-2. These cells had doubled in number and brightness at both segmental levels by 8 weeks after cord transection when many recruited meningeal cells were ED2+/ED1+ but not MHC II+.
DISCUSSION
After spinal transection at T8, OX-42+ microglia increased in both density and size throughout the lumbosacral spinal cord. However, their morphology and expression of ED1 and MHC II differed markedly between the white and grey matter. Notably, we describe for the first time, the expression of ED1 in granules by ramified microglia in several regions of the grey matter, including sites of ascending projection neurons. Whereas activated microglia in the descending tracts transform into macrophages to phagocytose degenerating myelin, prolonged activation of ramified microglia in the grey matter may reflect ongoing degenerative processes that are both retrograde (15) and transsynaptic (43) . Differences in the pattern and degree of inflammation were present between the segments controlling the hindlimbs (L4/5) and the pelvic organs (L6/S1). The focus here on a region of the cord 9 to 12 spinal segments (4Y5 cm) beyond the lesion has revealed inflammatory responses that differ from those produced around axotomized neurons in spinally projecting brain nuclei (44, 45) or other axotomized CNS groups (46, 47) . Further, the duration of microglial activation in the cord was prolonged relative to that of other axotomized CNS pathways (48, 49) . Immunoreactivity to OX-42 (on left) and ED1 (on right) in equivalent regions of the grey matter ventrolateral to the central canal in L4 spinal cord of naive control rats (above) and 8 weeks after T8 cord transection (below). ED1 immunoreactivity was absent from control grey matter but appeared as bright ED1+ dots (small arrows) or clusters of ED1+ granules (arrowheads) after T8 cord transection. The cell bodies of OX-42+ ramified microglia (arrows) in corresponding adjacent sections were enlarged after cord transection, and they often had more extensive and complex processes than in controls. Scale bar = 50 Km. (B) Density of OX-42+ cells in controls (white columns) and 1 week (dark hatching) and 8 weeks (light hatching) after T8 cord transection. Densities of clusters of ED1+ granules that appeared after 1 week (dark spots) and 8 weeks (light spots) are shown to the right in each case. Densities determined in regions of dorsal (DH) and ventral horns (VH) close to more medial boxes are shown in Figure 2 . Differences in density of OX-42+ cells in VH from DH (only in controls) are indicated by #, p G 0.001. Differences from control for that region indicated by *, p G 0.05; **, p G 0.01. Differences at 8 weeks from 1 week are indicated by @, p G 0.05; @@, p G 0.01. Densities of ED1+ clusters after transection were not significantly different from each other. Error bars are T SEM throughout. 
Microglia Density Increases Throughout the Lumbosacral Spinal Cord After T8 Cord Transection
Although we did not demonstrate it directly, microglial proliferation has been demonstrated at other sites far from a lesion, for example, in the axotomized facial nucleus (50) and in the spinal cord after cerebral infarction (51) . No evidence of vascular infiltration was detected. Only a few bone marrow-derived microglia appear in the CNS in the first few days after a lesion (52) . The immediate triggers for the microglial response after cord transection are likely to be the degeneration of terminals in the grey matter (53) and the onset of Wallerian degeneration in the descending tracts (54) . Further, microglia accumulate rapidly in response to axotomy of nearby neurons (55) , after chemokine signals released from the damaged somata (56) .
Morphologic Transformation of Microglia Differs Between White Matter Tracts and Grey Matter
Activated microglia and macrophages appeared in the outer white matter of L4/5, and extended through the depth of the ventral columns in L6/S1 during Wallerian degeneration, largely as predicted from descriptions of degeneration in the dorsal columns (9, 19) . The morphologic transformation into typical phagocytic macrophages (3) paralleled the disappearance of MBP. The likelihood is low that the additional macrophages were hematogenous because Wallerian degeneration away from a lesion does not break down the blood-brain barrier (15, 52) . In contrast, deep in the dorsal and ventral columns (i.e. in the 2 components of the CST where myelination is limited [57] ), activated and ramified microglia showed both OX-42 and MHC II expression, but macrophages were rare.
In contrast to the white matter, virtually no microglia in the grey matter retracted their processes. Rather, their cell bodies became enlarged, and they expressed more OX-42 (52); some became hyper-ramified, as in chronic degenerative conditions (15) or after prolonged activity (58) . In other CNS regions in association with anterograde degeneration, microglia are usually described as Bbushy[ with greatly enlarged somata and short thickened processes (48) . Spinal microglia did not assume this form after cord transection. In brain regions containing both anterograde and retrograde degeneration, microglia/macrophages cluster around dying neurons (45, 48) . We did not observe any macrophages in the grey matter. When a lesion causes only retrograde degeneration in brain pathways, ramified microglia may extend their processes around axotomized neurons and phagocytose them (48, 59) . Consistent with the phagocytic function of ramified microglia, we detected Fluoro-Gold-filled ramified microglia 8 weeks but not 1 week after the application of the dye to T8 at the time of spinal transection (E. M. McLachlan, unpublished observation, 2007). Notably, there was no evidence of microglial activation in the lateral spinal nucleus where axotomized projection neurons do not degenerate (14) .
A phagocytic role for ramified microglia in the grey matter is consistent with their containing ED1+ granules. This role could be related to terminal degeneration in the first week and retrograde neuronal death at later stages. Rapid expression of ED1+ granules by spinal microglia is prominent during transganglionic degeneration early after peripheral nerve injury (60, 61) , tissue inflammation (62) , and experimental neuritis (63) . Ramified microglia containing ED1+ lysosomes also appear throughout the brain during the relapse phase of experimental autoimmune encephalomyelitis (35) . At later stages, the trigger for activation may therefore be a neurally derived signal rather than only a consequence of neuronal death (64, 65) .
Expression of MHC II in Activated Microglia and Macrophages Decreases With Time After Cord Transection, Whereas That in Ramified Microglia Increases
MHC II is expressed by activated microglia and macrophages at the later stages of Wallerian degeneration (66) . However, downregulation of MHC II when ED1 expression and phagocytosis are high argues against the view that degenerating myelin is the primary determinant of MHC II expression (67, 68) .
Further, MHC II expression was associated with microglial activation at later stages. MHC II+ ramified microglia were localized to a broad band through the medial cord, extending from the CST to the ventral columns in L4/5. These sites in lamina VII, VIII, and X in L4/5 contain ascending propriospinal (69) and supraspinal projections to the thalamus (70), hypothalamus (71) , and periaqueductal grey (72) . Some of these neurons have been shown to die after axotomy at T8 (14) . The paucity of MHC II+ microglia in L6/S1 after 8 weeks may reflect a different time course of retrograde degeneration.
MHC II+ microglia can have 2 functions in grey matter. First, microglia that phagocytose degenerating terminals express MHC II +/j CD68 (ED1) in the first days after CNS lesions (10, 15) . MHC II+ microglia were rare in the grey matter 1 week after spinal transection, consistent with terminal degeneration being largely complete at this time (17, 18) . Second, MHC II+ ramified microglia phagocytose retrogradely, degenerating neuron somata in the thalamus (48) and facial nucleus (15) . Such cells were proposed to derive from PVCs that migrate into the parenchyma (15, 42) , consistent with the observed juxtaposition of MHC II+ ventral grey matter; DL, dorsolateral funiculi; VL, ventrolateral funiculi) in segments L4/5 (above) and L6/S1 (below) from naive control animals (white columns) and animals 8 weeks after cord transection (black columns). Significant differences from naive controls are indicated directly above each column by *, p G 0.05; **, p G 0.01. microglia and blood vessels (Fig. 7D, thin arrows) . However, in the lumbosacral parenchyma, all MHC II+ microglia were OX-42+ but not ED2+. An alternative interpretation is that MHC II+ microglia may migrate toward the vessels in the course of antigen presentation.
Perivascular and Meningeal Cells Express ED1 and MHC II
Many PVCs and meningeal cells are dendritic cells (33, 73) and are thought to be key antigen-presenting cells in CNS inflammation (74) . The number of PVCs (expressing ED2 and MHC II) and the proportion of these cells expressing ED1 increased after spinal transection, as occurs after axotomy (42) or diffuse axonal injury without microglial reaction (66) in other parts of the CNS. Evidence has been presented for and against a role for PVCs in scavenging the debris of neurons retrogradely labeled from a lesion (42, 75) .
CONCLUSIONS
Three types of chronic inflammatory response occur in the spinal cord distal to a complete transection. One consists of the well-known Wallerian degeneration of descending tracts and involves the transformation of microglia in the white matter into macrophages that phagocytose myelin over more than 8 weeks (see Introduction). A second response, previously not described, is the activation of microglia in the grey matter in the vicinity of ascending projection neurons that have been axotomized. This involves the expression of ED1 (CD68) by ramified microglia and, at later times, also the expression of MHC II by a subpopulation of microglia in the medial cord. These microglia are probably phagocytic. The third response consists of the recruitment of additional perivascular cells, some of which are MHC II+ and so are probably antigen-presenting cells. Whether some of these invade the parenchyma, lose their expression of ED2 (CD163), and assume the phenotype of ramified microglia remains to be clarified. Differences between somatomotor and autonomic segments probably reflect the extent and timing of degeneration of their distinct descending inputs and ascending interneuron pools.
After spinal cord injury, inflammatory cells may contribute to chronic pain by the release of excitatory cytokines (16, 76) , to neuron death by the release of cytotoxic cytokines (15, 77) , or to the production of growth factors that assist maintenance and regeneration (15) . Because of the long time required for regenerating axons to reach the distal cord in humans, it will be important to identify whether these factors interfere with or may aid restoration of function over prolonged periods. Treatment to reduce microglial activation has already been shown to improve functional outcomes in the shorter term in experimental animals (78, 79) .
